registration (VBR) is the predominant method used in human neuroimaging to compensate 27 for individual variability. However, surface-based registration (SBR) techniques have an inherent advantage 28 over VBR because they respect the topology of the convoluted cortical sheet. There is evidence that existing 29 SBR methods indeed confer a registration advantage over affine VBR. Landmark-SBR constrains registration 30 using explicit landmarks to represent corresponding geographical locations on individual and atlas surfaces. 31 The need for manual landmark identification has been an impediment to the widespread adoption of Landmark-32 SBR. To circumvent this obstacle, we have implemented and evaluated an automated landmark identification 33 (ALI) algorithm for registration to the human PALS-B12 atlas. We compared ALI performance with that from 34 two trained human raters and one expert anatomical rater (ENR). We employed both quantitative and qualita-35 tive quality assurance metrics, including a biologically meaningful analysis of hemispheric asymmetry. ALI 36 performed well across all quality assurance tests, indicating that it yields robust and largely accurate results 37 that require only modest manual correction (b 10 min per subject). ALI largely circumvents human error and 38 bias and enables high throughput analysis of large neuroimaging datasets for inter-subject registration to an 39 atlas.
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Volume-based registration (VBR) is the predominant method used in human neuroimaging to compensate 27 for individual variability. However, surface-based registration (SBR) techniques have an inherent advantage 28 over VBR because they respect the topology of the convoluted cortical sheet. There is evidence that existing 29 SBR methods indeed confer a registration advantage over affine VBR. Landmark-SBR constrains registration 30 using explicit landmarks to represent corresponding geographical locations on individual and atlas surfaces. 31 The need for manual landmark identification has been an impediment to the widespread adoption of Landmark-32 SBR. To circumvent this obstacle, we have implemented and evaluated an automated landmark identification 33 (ALI) algorithm for registration to the human PALS-B12 atlas. We compared ALI performance with that from 34 two trained human raters and one expert anatomical rater (ENR). We employed both quantitative and qualita-35 tive quality assurance metrics, including a biologically meaningful analysis of hemispheric asymmetry. ALI 36 performed well across all quality assurance tests, indicating that it yields robust and largely accurate results 37 that require only modest manual correction (b 10 min per subject). ALI largely circumvents human error and 38 bias and enables high throughput analysis of large neuroimaging datasets for inter-subject registration to an 39 atlas.
To evaluate the accuracy and reliability of the automatically gen-The ALI algorithm generates landmark contours using multiple As noted in the main text, landmarks for every subject were generated by: automated landmark identification (ALI), ALI landmark correction (ALI-Corrected), two trained raters (R1 & R2), and ENR. This yielded a total of five landmark sets across each subject (i.e. ALI, ALI-corrected, R1, R2 and ENR). This process was then repeated for all subjects. Results across subjects are shown for all five landmarks on a spherical representation (ENR results are used an exemplar).
(C) All individual subject surfaces were then registered using a spherical registration algorithm to the PALS-B12 atlas ( Van Essen, 2005) . Results following PALS-B12 registration are shown on a standard spherical 73,730-vertex representation (again ENR results are used as an exemplar). This figure is extended to illustrate the SBR procedure across all raters (Fig. 2) .
of sulcal vs gyral cortex ( Van Essen, 2005 aseg.mgz generated a more reliable CC segmentation than that pro-240 duced by the ALI using the same anatomical volume as input. Any
241
CC segmentation can be used, provided its filename includes "corpus" vertices (Saad et al., 2005 ). An associated 'deformation map' file 317 allowed additional datasets (e.g., landmark contours generated by
other raters -see below) to be mapped from the individual to the were less than 2 mm on average. For the MW-vent landmark, ALI can be quantified using maps of sulcal depth in the two hemispheres clusters, suggestive of poorer inter-subject alignment.
508
Discussion
509
The present study evaluated the consistency of ALI relative to two 510 trained human raters and an expert neuroanatomical rater using 511 multiple estimates of ALI performance. Our results indicate robust 512 performance by ALI, particularly when coupled with manual editing.
513
We also demonstrate significant inconsistencies across human raters The arrows indicate that all raters were registered to the PALS-B12 atlas using the ENR deformation parameters. The top panel shows the lateral view with central sulcus, sylvian fissure and superior temporal gyrus displayed in yellow, cyan and pink colors respectively. The bottom panel shows the medial view with calcarine sulcus, medial wall dorsal segment and medial wall ventral segment displayed in orange, dark and light purple respectively. The 'clouds' of variability allow for qualitative inspection of similarity and differences in landmark drawing between ENR and each of the other raters. If a given rater achieved perfect precision relative to the ENR for a given landmark, then the 'cloud' of variability would be minimal for that landmark and would precisely match the ENR results. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 6 . Mean 3D cortical distances following SBR to the PALS-B12 atlas is shown on a flattened surface configuration relative to the expert neuroanatomical rater (ENR) for: (A) automated landmark identification (ALI), (B) ALI-Corrected, (C) Rater 1, (D) Rater 2. Brighter colors mark areas of greater mean 3D distance from the ENR. Critically, results illustrate deviations for each rater from ENR once SBR was carried out separately for landmarks generated by each rater (illustrated in Fig. 2 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
would affect distance measurements used to trim contour points.
534
Thus, unless the ALI has deviated from the fundus of the CaS, the 535 corrections rater should not second-guess the ALI in this region.
536
A reasonable question is how much ALI differs from ALI-corrected Results of all raters are shown overlaid on the ENR-generated t-map. As in Fig. 6 , results illustrate hemisphere asymmetry results for each rater once SBR was carried out separately for landmarks generated by each rater (illustrated in Fig. 2 ).
old, and demented adults using automated atlas-based head size normalization:
645 reliability and validation against manual measurement of total intracranial volume.
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